The subcellular distribution of protein kinase C was directly imaged in single living smooth muscle cells using a new fluorescent protein kinase C probe. The probe localized prominently to perinuclear organelles and, to a lesser extent, to the cytosol and surface membrane. The perinuclear signal did not detectably change over the time observed. The ratio between the surface membrane intensity and that in the cytosol (R) was measured in parallel with cell shortening. In 1 mM extracellular Ca2 , the time to peak R and time to peak shortening were not significantly different. In Ca2+-free solution, no significant increase in the surface membrane/cytosol fluorescence ratio was observed with time, and shortening was inhibited. These results provide a new method for monitoring protein kinase C localization in living cells and directly demonstrate that protein kinase C moves in a Ca2+-dependent fashion from the cytosol to the surface membrane simultaneously with contraction. (Circulation Research 1991;69:1626-1631 P rotein kinase C (PKC) has been implicated in various biological functions such as gene expression, cell proliferation, and smooth muscle contraction.12 Because phorbol esters bind to and activate PKC3 in the same rank order as they affect growth or differentiated function of a variety of cell types, it has been suggested that PKC itself is the cellular receptor for phorbol esters.' This hypothesis is supported by the observation that PKC and phorbol ester-binding protein copurify to homogeneity4 and by the observation that the cellular phorbol ester receptor is initially cytoplasmic but becomes associated with the plasma membrane in the presence of phorbol esters.5 Translocation of PKC from the cytoplasm to the plasma membrane has also been shown to be Ca2' dependent in some,67 but not all,8 cell types. However, a plasmalemmal location of PKC during phorbol ester-induced smooth muscle contraction has been difficult to reconcile with the cytoplasmic location of the contractile filaments and has raised the possibility that the phorbol ester effects may be nonspecific.
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The agonist-induced and Ca2'-dependent translocation of PKC has been demonstrated extensively in fixed cells and membrane fractions5-11; however, the degree to which fixation and fractionation affect the distribution is questionable, and often it is not clear which membranes are involved. In this study, we used a fluorescent BODIPY derivative of an active phorbol ester, 12-(1,3,5,7-tetramethylBODIPY-2-propionyl)phorbol-13 -acetate,12 to monitor dynamically the distribution of PKC in freshly isolated ferret portal vein cells. The Ca2' requirement for PKC translocation was also investigated.
Materials and Methods

Preparation of Single Cells
Cells were freshly isolated from ferret portal vein using a collagenase/elastase digestion mixture with gentle shaking, as previously described. 13 Krebs' solution, which was used only for dissecting the tissue, contained (mM) NaCl 137, KCI 5.9, CaCl2 2.5, MgC12 1.2, NaHCO3 25, NaH2PO4 1.2, and dextrose 11.5, at a pH of 7.4 when bubbled with 95% 02-5% CO2. Modified Hanks' solution, which was used for cell isolation and for performing the experiments, contained (mM) NaCl 120, KCI 5.9, dextrose 11.5, NaHCO3 25, NaH2PO4 1.2, MgCl2 1.4, and CaCl2 1.0, at a pH of 7.4 at 22°C. Ca2+-free solution had the same composition as Hanks' solution except that CaCI2 was replaced by 2 mM EGTA.
Results
The PKC probe (100 nM) applied for 10-60 average onset of shortening was at 90.1+6.0 seconds, and the time to peak shortening was 133.3+6.7 seconds (n=30). When the cells were loaded for different time periods (10, 20, 40 , and 60 seconds), no significant difference in the extent of shortening, the time to onset, or the time to peak shortening was observed. Apparently, activation of PKC occurs within 10 seconds of application; however, the consequences of this activation (e.g., cell shortening) persist for longer times.
To avoid fluorescence artifacts caused by changes in cell geometry in contracting cells, we attempted to dissociate the changes in cell length from the changes in fluorescence by using the PKC inhibitor H-7. H-7 (10-`M) significantly (p<0.05) reduced the magnitude of shortening to 33.6+5.9% and delayed the onset of shortening to 138.9+20.9 seconds and the time to peak shortening to 185.1+20.5 seconds (n=12). However, H-7 did not cause any detectable alteration in the distribution or prevent the translocation of the PKC probe (data not shown).
We monitored the distribution of the probe in freshly isolated cells pretreated with H-7 for 15 minutes (Figure la) . Most of the probe accumulated in the central region of the cell within the first 30 seconds. The labeling of the cytosol and the plasma membrane with the PKC probe was less prominent than that of the central region (Figure la) . When the same cells were fixed and stained with the DNA marker ethidium dimer, the nucleus was found to occupy only a small portion in the middle of the highly fluorescent region (Figure lb) .
The specificity of the PKC probe was confirmed by the demonstration that it was displaceable by the nonfluorescent phorbol ester 12-deoxyphorbol 13-isobutyrate 20-acetate (DPBA). Treatment of the loaded cells with 10 ,uM DPBA for 5 minutes decreased the average signal from all cellular compartments to unmeasurable levels (Figures 2c and 2d) as compared with time-matched controls (Figures 2a  and 2b) . Also, preincubation of the cells with 1 ,uM DPBA for 1 minute completely displaced the probe in the cytosol and surface membrane to undetectable levels and decreased significantly (p=0.02) the average signal in the nuclear region to 49.7% of that for time-matched controls. In addition, the membrane marker 7-decylBODIPY-1-propionic acid (100 nM), which has similar lipophilicity but no PKC activity, labeled only the surface membrane in the first 5-10 minutes, confirming the specificity of PKC localization in the central area (Figures 2e and 2f) .
The PKC label intensities in the cytosol and surface membrane were observed at each time point, and the ratio between the membrane signal and the cytosol signal (R) was measured. By adopting the ratio method, intercellular differences in cell loading, cell thickness, light-path length, and camera gain were canceled. In the presence of 1 mM extracellular Ca', an increase in the surface membrane signal and a simultaneous decrease in the cytosol signal were observed with time ( Figure 3A) . The ratio R in- It was not technically possible to load live cells with the PKC probe and take measurements sooner than 30 seconds. Therefore, we measured R at time 0 in fixed cells. We found that fixing the cells in 4% paraformaldehyde for 10 minutes did not change the image or ratio measurement at 1-minute exposure to the PKC probe compared with the live cells (data not shown). By using this method, R at time 0 was found to be 0.97±0.04 (n=25).
We investigated the effect of Ca' removal on cell shortening and the distribution of the PKC probe in the central, cytosolic, and surface membrane compart- ments. The distribution of the PKC label in the perinuclear region was unchanged in the absence of extracellular Ca2', but the relative distribution of the label between the cytosol and the surface membrane was dramatically altered. In Ca2+-free (2 mM EGTA) solution, the distribution of the probe showed a diffuse cytoplasmic pattern, and at 30 seconds, the average value of R was 1.1±0.1 (n=6), which was not significantly different (p=0.087) from the R value measured at time 0 in fixed cells (0.94+0.04, n = 18). No significant increase in R was observed with time ( Figure 3B ). This was associated with a significant (p<O.05) reduction in cell shortening to 40.3+±6.3% and a dramatic delay in the time to onset of shortening to 243.6±+22.2 seconds and in the time to peak shortening to 414.0±62.0 seconds (n= 11). These numbers were obtained -from individual cells. The relation between the average cell length and R in Ca2+-free solution at each time point is shown in Figure 4B .
Discussion
The present study is the first to directly monitor the dynamic distribution and translocation of activated PKC in living smooth muscle cells and to correlate them with the magnitude and kinetics of the contractile responses. It has previously been reported that there is a characteristic latency period of more than a minute before the onset of contraction of intact smooth muscle strips exposed to phorbol esters. 16 The close temporal correlation between the translocation and the contraction in the present study suggests that translocation may be a cause of the previously observed latency period and may be the rate-limiting step in PKC-mediated contractions.
The PKC inhibitor H-7 was used to dissociate the changes in fluorescence from the changes in cell length. H-7 is known to interfere with ATP binding to the catalytic domain of PKC, thus inhibiting phosphotransferase activity17 and smooth muscle contraction. We confirmed that this compound had no effect on PKC translocation.
The Ca2' requirements for PKC translocation and cell shortening were studied by removing Ca2' from the extracellular space. We have previously determined that the Ca2`-free solution results in a significant decrease in [Ca2"]i from 1.6x10-7 to 1.1x M in these ferret portal vein cells. 18 Recently, multiple isoforms of PKC have been defined. Ca2'-dependent and Ca2`-independent isoforms of PKC have been identified in the same cell type. 8 The present work indicates that in the ferret portal vein cells a Ca2'-dependent PKC isoform relocates from the cytosol to the surface membrane during PKC-mediated contraction. The additional presence of some finite amount of PKC probe in the surface membrane under all conditions may explain the fact that some shortening was seen in Ca2`-free solution where no PKC translocation was observed and may point to the additional presence of a Ca2'-independent isoform of PKC in these cells.
Finally, the present study shows that PKC is prominently localized in a nuclear area, where it may phosphorylate nuclear envelope proteins.19 Additionally, there was an intense signal from a perinuclear area considerably larger than the nucleus itself. Smooth muscle nuclei are known to be surrounded by perinuclear sarcoplasmic reticulum and mitochondria,20 and our data suggest a localization of PKC in these organelles. If PKC is activated at these sites, it may modulate sarcoplasmic reticulum Ca2' handling and mitochondrial activity.
